A comparison was made of the effectiveness of popular disinfectants (Cavicide, Cidexplus, Clorox, Exspor, Lysol, Renalin, and Wavicide) under conditions prescribed for disinfection in the respective product labels on Pseudomonas aeruginosa either in suspension or deposited onto surfaces of metallic or polymeric plastic devices. The testing also included 7 nonformulated germicidal agents (glutaraldehyde, formaldehyde, peracetic acid, hydrogen peroxide, sodium hypochlorite, phenol, and cupric ascorbate) commonly used in disinfection and decontamination. Results showed that P. aeruginosa is on average 300-fold more resistant when present on contaminated surfaces than in suspension. This increase in resistance agrees with results reported in studies of biofilms, but unexpectedly, it precedes biofilm formation. The surface to which bacteria are attached can influence the effectiveness of disinfectants. Viable bacteria attached to devices may require dislodging through more than a one-step method for detection. The data, obtained with a sensitive and quantitative test, suggest that disinfectants are less effective on contaminated surfaces than generally acknowledged.
A bout 5-10% (1.75-3.5 million) of the 35 million patients admitted annually in U.S. hospitals acquire an infection while hospitalized (1) (2) (3) . We previously demonstrated that attachment of bacterial spores to inanimate surfaces increases their survival against treatment with commercial liquid sterilants (4) . This study compared survival of a bacterial species associated with hospital infections, free in suspension versus deposited on inanimate surfaces, after treatment with various popular disinfectants. Pseudomonas aeruginosa was selected for the study because it is among the pathogens reported most frequently in hospital-wide surveillance, accounting for 7-14% of the total (5, 6) and has been the organism selected in many studies of bacterial adhesion and biofilm formation (7) . P. aeruginosa responds to favorable nutrient conditions by adhering to available surfaces, and, by binary fission, develops mature biofilms (7) . Electron microscopy demonstrated that P. aeruginosa adheres to surfaces within 4 h; after 24 h at 37°C it begins to form adherent microcolonies and the first stages of a biofilm on the surface of medical catheters (8, 9) . In biofilms, P. aeruginosa is nearly 500 times more resistant to antibacterial agents than are bacteria in suspension (7) . However, bacteria may also survive surface disinfection in the absence of the conditions (availability of nutrients and enough time) necessary for biofilm formation. For example, a number of medical devices implicated in patient-to-patient transmission of disease, e.g., bronchoscopes and spirometers (10) (11) (12) (13) (14) , are in contact with patients and their potentially infectious fluids for periods shorter than those required for biofilm development. Therefore, we investigated whether bacteria could become resistant to disinfectants by short-term contact with devices before the complex and distinct growth associated with biofilm formation had time to develop.
Experimental

Chemical Germicides
Glutaraldehyde (50% w/v; Aldrich Chemical Co., Milwaukee,WI), was diluted and alkalinized with sodium bicarbonate (0.05M final concentration) and used at 2%, pH 9.3. Formaldehyde (37.2% w/v), sodium hypochlorite (4% w/v, as available chlorine), peracetic acid (32% w/v), and hydrogen peroxide (30% w/v; Aldrich Chemical Co.) were used in concentrations of 8, 0.05, 0.03, and 10%, respectively. L-ascorbic acid was also purchased from Aldrich Chemical Co. Phenol "Ultra Pure" molecular biology grade (Life Technologies, Gaithersburg, MD) was received frozen and maintained at -20°C until use at 5% concentration. Cupric chloride (CuCl 2 ⋅2H 2 O; Mallinckrodt Specialty Chemicals Co., Paris, KY) was used in a mixture: cupric ions 0.5% (as cupric chloride)-0.1% ascorbic acid-0.003% hydrogen peroxide, pH 2.9. Deionized distilled water and certified reagents low in heavy metals were used. Bacteria were exposed to each germicidal substance for 30 min at 20°C. disinfection. Exspor (Alcide Corporation, Redmond, WA) containing sodium chlorite (1.52%) was activated daily before experiments by mixing one part base concentrate, 4 parts water, and one part activator, to yield a working solution of pH 3. The label prescribes treating medical items with Exspor-activated solution for 1-3 min to kill bacteria, Mycobacterium spp., pathogenic fungi, and viruses on hard surfaces. Accordingly, we exposed bacteria to Exspor for 3 min at 20°C. Renalin, (Renal Systems Division of Minntech Corp., Minneapolis, MN), existing in a mixture of 20.0% hydrogen peroxide and 4.0% peroxyacetic acid, was used for 10 min in a dilution of 1:5 in sterile/deionized and glass-distilled water (final pH 2.4). Wavicide-01 (glutaraldehyde 2%; Wave Energy Systems, Inc., Wayne, NJ) is labeled for use in a 1:4 dilution for 10 min (at room temperature) to kill vegetative bacteria and viruses. Clorox (sodium hypochlorite 5.25%; The Clorox Co., Oakland, CA) was used at a 1:21 dilution for 5 min at 20°C as recommended for disinfection, cleaning, and stain removal. Lysol I.C. (O-benzyl-p-chlorophenol 7.24%, o-phenyl phenol 2.23%; National Laboratories, Montvale, NJ) was used in a 1:128 dilution for 10 min at 20°C as indicated on the label for use in hospitals, nursing homes, dental offices, and other institutional facilities as pseudomonacidal, germicidal, tuberculocidal, staphylocidal, fungicidal, and virucidal. Cavicide (15.30% isopropanol and 0.25% diisobutyl phenoxyethoxyethyl dimethylbenzyl ammonium chloride; Micro Aseptic Products, Inc., Palatine, IL) was used full strength for 10 min at 20°C to attain bactericidal, virucidal, fungicidal, and tuberculocidal properties indicated on the product label for disinfection of noncritical medical instruments.
Devices
The devices were not selected for their role in disease transmission but instead because they had diverse material composition and geometry (including inner and outer cylinder surfaces, ridges, crevices, and threads); similar bacterial loading capacity; size amenable to microtesting; and were easily available and inexpensive. Miniature stainless steel machine screws (No. 0/80, pan head, 1.5 mm diameter, 12.5 mm long) and medical-grade silicone rubber tubing in 3.1 mm od, 1.5 mm id, 12.5 mm long sections (Silastic Brand, Cat. No. 602-285, Dow Corning Corp. Medical Products, Midland, MI) were cleaned before use by washing with detergent, rinsing 3 times with distilled water, washing once in acetone, and rinsing again in distilled water before sterilization by autoclaving, as previously described (4) . Easy availability of tubing and screws made custom manufacturing of carriers unnecessary and low cost allowed that all devices were used only once and then discarded. This eliminated risk of bacterial carryover and the need to wash and sterilize carrier devices between testings. Stainless steel screws and silicone rubber catheter tubing did not show signs of deterioration after treatment with disinfectants, as noted by visual and microscopic examination (160× magnification).
Bacteria
Pseudomonas aeruginosa ATCC 15442 was purchased lyophilized from the American Type Culture Collection (Rockville, MD). The day before each experiment, one bacterial colony was inoculated into 50 mL agar-trypticase soy broth (TSB) and incubated overnight at 37°C in a shaker set at 140 rpm. The next day the culture was centrifuged for 30 min (3000 rpm), and the bacterial pellet was resuspended in 500 µL distilled water. Typical bacterial content in this concentrate was ca 3 × 10 11 P. aeruginosa cells/mL.
Activity of Disinfectants on Bacteria in Suspension
An aliquot of the concentrated suspension was diluted 1:10, and 5 µL containing 1.2 ± 0.2 × 10 8 bacteria (n = 6) was exposed to 400 µL of either disinfectant or sterile distilled water as control. After the time specified on the label of commercial disinfectants or a 30 min period for germicidal agents, 600 µL ice-chilled TSB was added, and surviving bacteria were titrated by serial dilutions onto trypticase soy agar (TSA) plates. Thus, the method could determine bacterial inactivation throughout 8 logs.
Direct Measurement of Bacteria Loaded into Devices
The number of P. aeruginosa cells loaded onto devices was determined by using radioactively labeled vegetative bacteria in a modified technique originally described for bacterial spores (4, 15) .
(a)
14 C-labeling.-A 40 µL amount of rapidly growing P. aeruginosa concentrate (obtained as indicated above) was inoculated into labeling media composed of 10 mL TSB, 9 mL Earle's essential salts, 81 mL water, and 332 µL L-methyl-14 C methionine at a concentration of 0.33 Ci/mL (NEC165H 50 mCi/mmol; New England Nuclear, Boston, MA). After overnight (16 h) incubation at 37°C in a shaker operating at 160 rpm, the culture was chilled on ice, and bacteria were pelleted by centrifugation for 30 min at 2000 rpm. Radioactivity in the supernatant and in resuspended bacteria was measured by liquid scintillation counting. After 5 washes, radioactivity in the supernatant was reduced to <4% of radioactivity in the pellet containing the bacteria.
Bacteria labeled with 14 C-methionine were diluted in TSB, and identical aliquots were either titrated for viability or counted for radioactivity. The specific activity of each bacterial preparation was obtained from the slope of the regression line of bacterial number (as determined by titration) vs incorporated 10 bacteria/mL was transferred to Eppendorf polypropylene tubes (1.5 mL), reaching a level of 5 mm above the bottom of the tube. Each device was immersed in a separate bacterial-loading suspension for 30 min, removed from the loading suspension with forceps, and dried 10 min under vacuum (Speed Vac, Savant, Farmingdale, NY). Each 50 µL suspension was used once and then discharged. The number of bacteria loaded onto each carrier was estimated by immers-ing loaded devices in scintillation liquid, measuring radioactivity, and multiplying this value for the specific activity of the preparation. One large batch with a specific activity of 1.04 × 10 -4 cpm/bacteria was used for final calibration of all devices. The number of bacteria loaded by immersion in a suspension containing 3 × 10 10 bacteria/mL was remarkably similar for tubing and screws, with averages of 5.1 ± 1.8 × 10 7 (n = 8) and 4.9 ± 1.9 × 10 7 (n = 8), respectively.
(c) Method recovery.-Each carrier device was independently immersed in a tube with a 50 µL suspension of radiolabeled bacteria. After drying, devices were divided into 2 identical groups. In one group, the number of bacteria loaded into each device was measured radioactively after immersion in scintillation cocktail. Devices in the second group were exposed to water (as negative control for bactericidal activity), and bacteria recovered in different elution/sonication protocols were measured by titration. 14 C-labeled bacteria still remaining attached to devices after completion of different protocols were monitored by immersing the used device in scintillation cocktail and measuring radioactivity. The protocol described below was selected because the number of bacteria loaded (estimated radioactively in the first group of devices) was similar to the number of bacteria released and titrated in the second group, and because no detectable bacterial radioactivity remained after completion of the protocol.
(d) Testing protocol.-Devices contaminated with bacteria were incubated at 20°C in 400 µL disinfectant for the time period specified on the respective label, with chemical germicidal reagents for 30 min at 20°C, or in an equal volume of sterile-distilled water for 30 min, as control of bacterial survival. After incubation, each device was removed from the test tube, remaining disinfectant was diluted with 600 µL ice-chilled TSB, and test tubes were centrifuged 5 min at 15 000 rpm (Microfuge model 5414; Brinkman Instruments, Inc., Westbury, NY). The supernatant with diluted disinfectant was discarded, and the bacteria in the pellet were resuspended by vortex mixing in 1 mL fresh ice-chilled TSB. This sample with loosely adhered bacteria was named fraction "a."
The device removed in the step above was transferred to 400 µL distilled water and sonicated for 5 min (Ultrasonic Cleaner; Cole Parmer, Chicago, IL). After sonication, the device was removed and 600 µL ice-chilled TSB was added to the 400 µL water. This sample with bacteria released by sonication was named fraction "b." To recover viable bacteria still remaining on carriers after fractions "a" and "b" were obtained, the devices were incubated in 400 µL fresh TSB for 30 min at 32°C in a shaker operating at 140 rpm. Titration data showed that bacteria still remaining on the carriers did not increase in number under this relatively short incubation period. Ice-chilled TSB (600 µL) was added to the broth left after device removal, and this sample with bacteria released by 30 min shaking devices in medium was named the "c" fraction. Fractions "a," "b," and "c" were serially diluted in TSB, and surviving bacteria in each fraction were enumerated by serial dilution on TSA plates.
Results
Inactivation of P. aeruginosa in Suspension
A bacterial colony of P. aeruginosa was grown overnight and divided into 2 aliquots. One aliquot with P.aeruginosa in suspension (1.2 × 10 8 bacteria in 5 µL) was incubated for 30 min at 20°C with 400 µL disinfectant or water as described above. Bacteria that survived this treatment were enumerated by titration. The survival of P. aeruginosa in suspension after exposure to various germicidal agents at different concentrations resembled a sigmoidal function of (log) disinfectant concentration (data not shown).
The bacterial killing by glutaraldehyde, formaldehyde, peracetic acid, hydrogen peroxide, sodium hypochlorite, phenol, or cupric ascorbate at concentrations recommended for sterilization or high-level disinfection (16-21) is presented in Table 1 . Table 1 also shows the results of treating identical suspensions of P. aeruginosa with 7 different commercial disinfectants according to recommendations on the product's label for bactericidal activity. The bactericidal activity of all the products on P. aeruginosa in suspension was relatively high with inactivation levels higher than 5 logs. Renalin, 8% formaldehyde, and 0.03% peracetic acid, killed bacteria near the detection limit of our test.
Inactivation of P. aeruginosa on Contaminated Devices
On the same day that tests in suspension were performed, another aliquot of the same bacterial suspension was used to determine the effect of disinfectants on contaminated devices. The average bacterial load, obtained in 16 independent experiments by immersing devices as described above, was 5.0 ± 1.3 × 10 7 P. aeruginosa cells/device. The overall recovery ratio of the bactericidal method, calculated as the sum of bacteria recovered in the 3 fractions ("a," "b," and "c" measured by titration as described above) divided by the number of bacteria loaded onto screws or tubing (measured radioactively), averaged 92%. No residual radioactivity was detected after the 3-step protocol was performed on devices contaminated with 14 C-labeled P. aeruginosa. The recovery of nonradiolabeled or radiolabeled bacteria in fractions "a," "b," and "c" was similar in contaminated screws and tubing (data not shown). Therefore, nonradioactive P. aeruginosa was used after the number of bacteria loaded into each device was calibrated, and it was established that the 3-step method accounted for all bacteria challenged.
Contaminated carriers were treated once with different disinfectants or water, and 3 quantitative measures of surviving bacteria were made by titrating fractions "a," "b," and "c," as described above. The numbers of surviving bacteria in each fraction are shown in Figures 1 and 2 .
Differential Killing of Bacteria in Suspension Versus Bacteria Attached to Surfaces
The total killing of P. aeruginosa attached to screws or tubing was calculated as the number of viable bacteria in untreated control (C) minus the number of bacteria surviving disinfecting treatment (D) in fractions "a" + "b" + "c" (Table 1). Statistical analysis revealed significant interaction between the effect of 14 disinfectants and 3 bacterial treatments, i.e., in suspension or attached to tubing or screws (p = 0.0011). Further statistical analysis of the effect of individual disinfectant (Table 1 ) at a level of significance p ≤ 0.05 demonstrated that killing of P. aeruginosa: in suspension was higher than killing of bacteria attached (tubing = screws) for glutaraldehyde, formaldehyde, hypochlorite, phenol, cupric ascorbate, Cavicide, and Lysol; in suspension > attached to tubing > attached to screw for peracetic acid and Renalin; and was similar when in suspension or attached to tubing but higher than bacteria attached to screws for Cidexplus, Clorox, Exspor, and Wavicide. Also, hydrogen peroxide killed more bacteria in suspension (log killing = 5.12) than attached to screws (log killing = 2.03), but there was no significant difference between both situations and the killing of bacteria attached to tubing (log killing = 4.41; Table 1 ).
A measure of the relative effect of material surface on bacterial inactivation can be obtained by defining differential killing in a carrier (log ∆) as the bacteria killed in suspension minus the killing of bacteria attached to a surface.
Log ∆ = log killing suspension -log killing attached = (log C suspension -log D suspension ) -(log C attached -log D attached )
where C suspension and D suspension are the number of bacterial colonies surviving after treatment of bacterial suspension with water as control (C) or with disinfectant (D), respectively. C attached and D attached were obtained after adding the number of colonies in fractions "a" + "b" + "c" recovered from devices incubated in water (C) or treated with disinfectant (D), respectively. The log of differential bacterial killing after exposing each device to disinfectants is included in Table 1 .
The log difference between tubing and suspension, pooled for 14 disinfectants was 2.01 ± 0.43 (n = 14), and between screw and suspension was 2.86 ± 0.35 (n = 14), respectively. The average (log) difference between killing in suspension and on both materials for the 14 commercial disinfectants and germicidal agents was 2.43 ± 0.28 (n = 28), which provides a 95% confidence interval for increase in resistance on surfaces over that in suspension between 70-and 1000-fold. a Germicidal agents were incubated at 20°C for 30 min at the following concentrations: 2% glutaraldehyde, 8% formaldehyde, 0.03% peracetic acid, 10% hydrogen peroxide, 0.05% sodium hypochlorite, 5% phenol, and 0.5% cupric-0.1% ascorbate-0.003% hydrogen peroxide. The 7 commercial disinfectants were used according to manufacturers' instructions specified for disinfection on the product label. b Bacterial survival was calculated by adding viable bacteria recovered in fractions "a" plus "b" plus "c" after testing. Log of Bacterial Killing was calculated as (Log bacterial surviving treatment with water for 30 min) -(Log bacterial survival after treatment with disinfectant). Mean log killing ± standard error in (n) independent experiments is indicated. c Differential killing was calculated by subtracting log killing of bacteria attached to either tubing or screws from log killing in suspension. 
Discussion
More than 4000 registered disinfectants in the United States (22) are made with only a few active chemical ingredients (92% of products contain only a dozen active ingredients; 23), including aqueous glutaraldehyde, hydrogen peroxide, aqueous formaldehyde, chlorine, and peracetic acid (18, 21, 24) . We studied these reagents and commercial formulations, whose active ingredients included sodium chlorite, hypochlorite, a mixture of peroxyacetic acid and hydrogen peroxide, phenolics, quaternary ammonium salts, and glutaraldehyde either at alkaline or neutral pH. Together, these germicidal agents and commercial products have been recommended for either disinfecting devices used in patients with AIDS, decontaminating devices and surfaces during epidemics or bacteriological warfare, or as household disinfectants (18, 20, 21, (25) (26) (27) . Therefore, the results of this study should be representative of reagents and products most commonly used in microbial decontamination.
All tested products were quite efficient in killing P. aeruginosa in suspension, ranging from killing bacteria near the detection limit of the test (8 logs) after treatment with Renalin, formaldehyde, or peracetic acid, to more than 5 logs after treatment with 10% hydrogen peroxide ( Table 1) .
Accurately measuring the number of bacteria that were attached to surfaces and survived disinfection was more challenging. We developed a bactericidal method that tested disinfectants against bacteria deposited on metallic and polymeric device materials. The number of P. aeruginosa attached to devices before disinfection was determined by direct calibration with radiolabeled bacteria. Absence of bacteria attached to the carrier at the end of the testing process was easily confirmed by lack of remaining radioactivity. This procedure was clearly advantageous over protocols that estimate carrier load indirectly by measuring bacteria dislodged at an extent unknown from the device. The 3-step procedure was completed within 4 h and used only 400 µL disinfectant; the test was rapid, economical, and, for all practical purposes, can be considered a nondestructive method that produces a small amount of toxic and infectious waste. A positive and a negative control of bactericidal activity were included in each experiment to monitor intertest performance. Water was chosen as negative control because of its lack of bactericidal activity and common availability (no killing or 100% bacterial survival). Stability in dry chemical form, relative low cost, and similar activity on different carriers made cupric ascorbate a convenient positive control of bactericidal activity. Because radiolabeled and nonradiolabeled bacteria gave similar results, other laboratories could reproduce this test without using radioactive bacteria by selecting identical devices and protocol.
No viable bacteria were detected in fraction "a" (loosely adhered bacteria) after treatment of screws with formaldehyde or Renalin ( Figures 1A and 2A) and tubing with Cidexplus, Lysol, or Renalin ( Figure 2B ). However, with the procedure that completely recovered attached bacteria, viable P. aeruginosa were detected after sonication and 30 min shaking in culture medium (fractions "b" and "c," respectively).
This could be due to fixing or trapping viable bacteria onto the device surface by chemical cross-linking with the germicide.
Often, bacterial survival detected in "a" differed by more than one log from the total number of viable organisms ("a" + "b" + "c," Figures 1 and 2) . Disinfectants whose effectiveness would be overestimated by more than 10-fold in a 1-step recovery method ("a" fraction) included Cavicide, Cidexplus, Lysol, Renalin, formaldehyde, glutaraldehyde, hydrogen peroxide (tubing), and peracetic acid (screws). Thus, these findings indicate that bactericidal activity of disinfectants will likely be overestimated by methods that dislodge bacteria in only one step (obtaining results equivalent to those in fraction "a") or in tests where the recovery of loaded bacteria is unknown.
The killing activity of Cidexplus, Clorox, Exspor, hydrogen peroxide, peracetic acid, Renalin, and Wavicide was significantly different for bacteria on stainless steel screws or on silicone rubber tubing. These findings agree with previous studies showing that the surface material alters the bactericidal activity of disinfectants (15, 28) .
Using bacteria from the same preparation ensured that results of parallel experiments on bactericidal activity in suspension and on contaminated devices were adequately compared. The killing of P. aeruginosa was statistically higher for bacteria in suspension than for bacteria attached to at least 1 of the 2 carriers (Table 1) .
The complex processes associated with formation of bacterial biofilms (broad changes in gene expression, metabolic cooperativity, primitive circulatory system, and formation of a microniche for P. aeruginosa) may begin under favorable conditions as early as 4 h after surface contact. However, bacteria take at least 24 h to form discrete microcolonies that are the basic organizational, structural, and functional unit of biofilms (7) (8) (9) . The 95% confidence interval for increase in resistance to disinfectant after short-time (30 min) deposition onto surfaces (70-to 1000-fold), includes that reported after longer-term adhesion and biofilm formation of P. aeruginosa (500-fold; 7). Therefore, increased resistance of bacteria on surfaces to treatment with disinfectants appears to be relatively independent of subsequent biofilm formation.
Some specific genes are up-regulated within 5 min after adhesion of P. aeruginosa to an inert surface (29) . Therefore, the P. aeruginosa resistance to disinfectants that occurs shortly after deposition onto solids could be associated with rapid changes in gene expression after bacterial contact with inanimate surfaces or neighboring bacteria. Whatever the mechanism, our data suggest that a process more rapid than biofilm formation increases bacterial resistance to disinfectants. The unexpected survival of pathogenic bacteria against disinfectants after short-term contact with surfaces could play an important role in the transmission of disease in hospitals or other settings. These findings indicate that commercial disinfectants and germicidal agents are less effective on bacteria attached to contaminated surfaces than generally acknowledged.
